Since human acute renal failure (ARF) is frequently the result of multiple rather than single insults, we used a combination of treatments to induce ARF in rats. Uninephrectomized, salt-depleted rats injected with indomethacin developed ARF after administration of radiocontrast. After 24 h, the plasma creatine rose from 103 +/-3 to 211 +/-22 mumol/liter (mean +/-SE) and the creatinine clearance dropped from 0.7 +/-0.1 to 0.2 +/-0.04 ml/min (P less than 0.001). Severe injury was confined to the outer medulla and comprised necrosis of medullary thick ascending limbs (mTALs), tubular collapse, and casts. Other nephron segments were free of damage except for the proximal convoluted tubules which showed vacuole formation originating from lateral limiting membranes that resembled changes reported in human contrast nephropathy. Cell damage to mTALs included mitochondrial swelling, nuclear pyknosis, and cytoplasmic disruption with superimposed calcification; these changes were most severe in the deepest areas of the outer medulla, away from vasa recta in zones remote from oxygen supply. The fraction of mTALs with severe damage was 30 +/-7% (range 2-68) and the extent of injury was correlated with a rise in plasma creatinine (r = 0.8, P less than 0.001). Thus, the nature of mTAL injury was similar to the selective lesions observed in isolated kidneys perfused with cell-free medium and was […] 
Introduction
The kidney may be particularly vulnerable to ischemia because of the precarious oxygenation of the renal medulla (1) . This notion has originated from observations of selective hypoxic injury to medullary thick ascending limbs (mTAL)' in isolated rat kidneys perfused with cell-free medium (2) . Although identical lesions have on occasion been observed after hemorrhagic hypotension in the whole animal (1, 3) , their occurrence and relationship to kidney dysfunction has been inconsistent. The present work is an attempt to produce and observe selective injury to mTALs in vivo.
The experimental design was based on the following premises. (a) Single insults of the type described here have not produced acute renal failure (ARE) in animals. (b) The combination of multiple renal insults may more closely resemble clinical ARF since in humans several predisposing factors are frequently involved (4, 5) . (c) Measures shown to amplify mTAL injury in the isolated perfused kidney are likely to aggravate medullary hypoxia and to predispose the kidney to medullary damage in vivo.
Contrast media frequently used for radiological studies in man are recognized as a common cause ofARF (6) . The mechanism of kidney injury remains unclear, although the coexistence of underlying renal disease or impairment of renal function appears to predispose patients to renal failure after the administration of contrast agents (7, 8) . The scarcity of adequate animal models has seriously impeded progress in the understanding and prevention of this iatrogenic disorder.
In the present study in rats, we have used multiple, modest renal insults that did not induce major renal injury when applied separately, but in combination produced a form of ARF that resembles the clinical syndrome of contrast nephropathy. Observations in vivo and in vitro disclosed predominant injury in the renal medulla, which suggests a role for medullary hypoxia in this model of ARE.
Methods
In vivo studies. Male rats of the Sabra strain (Wistar-derived) from the Hebrew University, weighing 260-380 g, were used for all experiments. On day 0, under anesthesia with pentobarbital (50 mg/kg body weight, i.p.), the femoral artery was cannulated, using a polyethylene catheter (PE 50; Clay-Adams, Parsippany, NJ) which exited through the skin in the back of the neck to allow daily blood sampling and the injection ofcontrast agents. From 1 d before this instrumentation and for 3-4 d thereafter, the rats were kept in Nalgene metabolic cages (Nalge Co., Rochester, NY), fed on a standard rat chow, and allowed free access to water except for the day ofthe insult. Daily collections of urine (24 h ) and blood were performed for the determination ofcreatinine and electrolytes using standard laboratory techniques. In a limited number of rats, an inulin solution, containing 20 mg/ml cold inulin and 0.8 MCi/ml radioactive [3H]inulin, was infused at the rate of 0.5 ml/h for 24 h before, and 24 h after, the acute insults for the determination of inulin clearance. The latter was calculated from a 24-h urine collection and from an average oftwo plasma levels (obtained after the beginning and at the end of the collection).
The contrast material. Sodium iothalamate, 80% (Angio-Conray; Mallinckrodt, Inc., St. Louis, MO) was injected through the arterial cannula over -2 min, at the dosage of6 ml/kg body weight (or 2.9 g of organically bound iodine/kg ofbody weight). As suggested by others (7, 9) and confirmed in our own preliminary observations (unpublished), although high doses of radiocontrast media administered to normal animals may induce transient renal dysfunction, a prolonged syndrome of ARF is rarely produced. To increase the likelihood of a renal injury, rats were preconditioned, before the injection of contrast, by one or more of the following treatments.
Chronic salt depletion. Because it has been suggested as a risk factor for contrast nephropathy (10), salt depletion was induced in rats before their exposure to the contrast agent. After four daily injections of furosemide (2 mg/kg), rats were fed exclusively on boiled rice (sodium content 2 mg/I00 g) for a period of 7 d until the injection of radiocontrast material. At this time the daily urinary excretion of sodium was 278±32 tteq (mean±SE) compared with 1,118±105 qeq (P < 0.001) in rats not subjected to this treatment.
Acute inhibition ofprostaglandin synthesis by indomethacin. Because inhibition of prostaglandin synthesis may predispose kidneys to ARF (1 1) and medullary hypoxic injury (12) , it was attempted as a means to amplify any renal insult from radiocontrast media. Indomethacin (Sigma Chemical Co., St. Louis, MO) was dissolved in phosphate buffer (pH 8.0) and administered 1 h before the injection of contrast as a single intravenous injection (10 mg/kg). This dose was chosen because it was found to produce an effective suppression of PGE2 synthesis with minimal renal dysfunction in normal rats (13) .
Reduction ofrenal mass by uninephrectomy. Because chronic renal failure appears in itself to be a risk factor for the development of contrast nephropathy (6, 7) and because prior uninephrectomy augments mTAL injury during isolated perfusion of the remnant kidney (14) , chronic reduction ofthe functional renal mass was also attempted to increase the susceptibility of the rats to renal injury from radiocontrast material. Under light ether anesthesia, the left kidney was removed after ligation of its pedicle, 3-5 wk before the exposure of the animal to contrast.
Preliminary observations. Multiple combinations of insults were initially tested in animals with two kidneys. As shown in Fig. 1 Under anesthesia, the right kidney was perfused after cannulation of the renal artery at a pressure of 140 mmHg, using first a saline rinse of 20 ml and then a solution of 1.25% glutaraldehyde (E. Merck, Darmstadt, FRG) in 0.1 M phosphate buffer (pH 7.4, osmolality 300 mosmol/kg H20). The sections were postfixed in buffered 2% OsO4, dehydrated, and embedded in an araldite-Epon 812 mixture. Large (3 X 3 mm) sections were cut, which contained cortex and outer medulla. The sections were examined by light microscopy. Analysis of injury was completed in a blinded fashion by Dr. Rosen as previously described (2, 15) . Selected blocks were examined by electron microscopy. The electron microprobe studies were done using the National Electron Probe Resource for analysis of cells (C. Lechene).
In the inner stripe of the outer medulla, abnormal mTALs were counted and expressed as the percentage ofthe total number oftubules in three zones: most superficial, adjacent to the outer stripe (region A), midzone (region B), and deepermost, adjacent to the inner medulla (region C). Because the great majority of findings was confined to regions B and C, the proportion ofmTALs with injury presented in the results is the average for regions B and C, unless otherwise indicated. It should be noted that when mTAL necrosis occurred in vivo, it usually predominated in either region B or C. Averaging B and C thus underestimates (by as much as 50%) the number of nephrons with at least one focal lesion along the mTAL but it was used for simplicity.
Isolated kidney perfusions. Male Sabra rats, weighing 270-415 g, were used for all experiments. Isolated perfusion of the right kidney was performed according to the technique described by Ross et al. (16) . Unless otherwise indicated, perfusate consisted of a Krebs-Ringer's Henseleit solution with BSA at a concentration of 6.7 g/100 ml and glucose at 5 mM, gassed with 5% CO2 and 95% 02 as in previous work (2, 15) . Kidneys were perfused for 90 min before their fixation for histologic evaluation. The following experimental groups were studied.
Control perfusions (n = 10). Kidneys perfused with regular perfusion medium and no supplements. Perfusions with contrast medium (n = 10). After 20 min of regular perfusion, sodium iothalamate (Angio-Conray) was added at once to the perfusate reservoir, at a final concentration of 25 mM.
Perfusions with indomethacin and contrast medium (n = 10). Indomethacin was injected intravenously (5 mg/kg) 1 h before the start of the experiments and added to the perfusate at the concentration of l0-' M, as previously described (12) , to suppress PGE2 production effectively in this model. After 20 min of perfusion, sodium iothalamate was added as in the previous group.
Nonfiltering kidney (n = 6). Kidneys were perfused with a hyperoncotic medium (the albumin concentration was raised to -13 g/100 ml) to stop glomerular filtration. After 20 min of perfusion, sodium iothalamate was added to the perfusate at the final concentration of 25 mM.
Perfusions with ouabain (n = 4). Kidneys were perfused with regular medium supplemented with ouabain (10-3 M) to inhibit active sodium transport. After 20 min of perfusion, sodium iothalamate was added as in the previous groups.
Perfusions with erythrocytes (n = 6). Kidneys were perfused with regular medium supplemented with rat blood as a source of erythrocytes at a final hematocrit of 9%, as previously described (2) . After 
Results
In vivo studies. As shown in Table I , in the experimental groups receiving contrast material in association with salt depletion or indomethacin, only a moderate or nonexistent reduction in creatinine clearance was observed. When given in combination with both salt depletion and indomethacin, ARF invariably ensued, with an average doubling of the plasma creatinine (Table I ). In five additional rats treated with this combination of insults, the clearance of inulin decreased from 1.6±0.2 to 0.2±0.03 ml/min on the day before and the day after the acute insults, respectively (P < 0.001).
Morphology was remarkable for variable degrees oftubular collapse, focal mTAL necrosis, and occasional casts present in three of the four groups. In group UNK, SD, INDO, CM, however, all kidneys showed invariable and obvious cell necrosis in the mTALs (Table I) . Necrosis of mTALs is illustrated in Fig. 2 A and contrasts with the preservation of the proximal tubule ( Fig. 2 B and C) . In fact, the cortex of these kidneys was remarkable only for convoluted proximal tubular-vacuolar changes which were conspicuous in four animals with worse renal failure ( Fig. 3 A and B ) (see below).
Additional morphological, radiographic, and electron microprobe observations. The medullary changes observed were centered in the deeper inner stripe. Without mounted coverslips, these areas polarized (Fig. 3 C) and were shown by x rays (using standard mammographic techniques) to be radioopaque (Fig. 3 D) . These areas were proved by electron probe analysis to contain high concentrations of calcium and phosphorus and no detectable iodine ( Fig. 3 E and F) . Necrosis of mTALs was localized in the central interbundle regions, away from the vasa recta (Fig. 3 G) . The mTAL necrosis appeared in two phases. In the first, cell fragmentation, mitochondrial swelling, and nuclear pyknosis could be easily defined and the basal lamina was intact (Fig. 2 A) . This injury was identical to that observed in the isdlated kidney when erythrocytes are not included in the perfusate (2) . In the second phase of mTAL injury, there was accumulation ofelectron-dense material (calcium) and the necrotic process extended into the interstitial tissues (Fig. 4 A-D) . Such zones were frequently fragmented by microtome sectioning. This necrotic calcification process was confined to group UNK, SD, INDO, CM and was present only at the usual 24-h period ofexamination. Ofthe animals treated as in this group but killed at earlier time periods, three of five showed very focal mTAL necrosis at 120 min after injection (Fig. 5) . Other medullary elements were basically intact, though occasionally medullary thin descending limbs of long loops were necrotic. Focal vascular congestion and erythrocyte extravasation was present but the perfusion fixation made any quantification of this impossible. Erythrocytes were noted in tubular lumens as well.
In the first segments of the proximal tubule (S1-S2), vacuolar changes were sometimes marked and distinguished from the usual endocytotic change beneath the brush border by encompassing the entire epithelial width (Figs. 3 A and 6 ). However, brush border, mitochondria, and nuclei appeared intact. Electron microscopy confirmed the basic integrity of these cells (Fig. 6) . The nature of these vacuoles was best defined at the 120-min time period where they seemed largely to originate from out-pouching of membranes of the lateral cellular interdigitations. Electron microprobe analyses failed to detect any iodine. Correlation between structure and function. The proportions of mTALs involved with necrosis ranged from 2 to 68% (mean 30±7%) and correlated with higher plasma creatinine on the day of the observation (Fig. 7) . Multiple regression analyses of the correlations between functional and structural parameters from all experimental groups including the preliminary group of rats without uninephrectomy are shown in Table II . Plasma creatinine 1 d after the acute insult(s) was significantly correlated with both collapse and necrosis of mTALs (r = +0.84, P < 0.0001). Comparison ofthe regression slopes and partial correlation coefficients r (Table II) indicated that necrosis of mTALs had a predominant effect on the rise in plasma creatinine, while collapse contributed a small but significant additional part. For identical plasma creatinine, the proportions of mTALs with collapse or necrosis were inversely correlated with eachother (r = -0.78, P < 0.0014).
Although correlation does not necessarily mean causal association, these data are compatible with the hypothesis that mTAL collapse reflects a renal response to insults that is capable of preserving tubular integrity and kidney function. When mTAL necrosis replaces collapse, renal failure occurs.
Contribution of each insult to renal injury. The contribution of each of the multiple insults to the rise in plasma creatinine and to the development of mTAL necrosis was evaluated using a regression analysis shown in . Salt-depleted uninephrectomized rats given indomethacin and sodium iothalamate (killed at 120 min). Low-power electron micrograph shows the extensive vacuolar formation in this proximal convoluted tubule. Although some may be of endocytotic origin, leg, more pronounced in the animals injected with contrast. To evaluate a possible role for rhabdomyolysis in the pathogenesis of ARF in this model, plasma levels ofcreatinine phosphokinase were systematically measured 24 h after cannulation. The levels were elevated at 4,600±1,082, 8,151±1,846, 1,470±419, and 1,249±519 IU/ml after SD, CM; SD, INDO, CM; SD; and SD, INDO, respectively, compared with 1 15±27 (P < 0.001) in a few rats treated by SD, INDO, and intravenous CM (no cannulation of the femoral artery) which also had milder renal injury. No correlation could be established, however, between the elevation ofthis enzyme and the severity of renal dysfunction, and the role of rhabdomyolysis in the induction of ARF in this model remains uncertain. Angiography performed in a few animals during the injection of radiocontrast could not demonstrate retrograde filling of the aorta to the renal arteries.
Because systemic hypotension has been reported to occasionally produce focal necrosis in the mTALs (1, 3) , in five rats connections between the basal lateral membranes and these vacuoles are readily apparent (*). At higher power, outpouchings from these membranes are evident. X3,600, A; XI 1,400, B.
exposed to SD, INDO, and CM, the blood pressure was recorded for 1 h after the injection of contrast, using a Statham transducer connected to the arterial cannula. Before the injection and at 2, 10, and 60 min after the injection ofcontrast, the blood pressure was 105+4, 114±6, 89±5, and 99±7 mmHg, respectively. In the group UNK, SD, INDO, CM the blood pressure measured at a similar time sequence was 100±6, 98±3, 100±4, and 97±5 (n = 5). Severe hypotension or circulatory shock did not occur.
Studies in isolated perfused kidneys. Experiments in isolated perfused kidneys were conducted in parallel to the study in vivo in order to find measures capable of aggravating medullary hypoxia. Augmentation of mTAL injury in isolated kidneys by indomethacin (12) and by prior uninephrectomy (14) have been previously published. The present report deals with the effect of contrast material in the perfused kidney.
Hemodynamic observations. The addition of contrast to the perfusate of isolated kidneys produced marked biphasic 408 Heyman, Brezis, Reubinoff; Greenfeld, Lechene, Epstein, and Rosen hemodynamic alterations beginning within 1-2 min that were similar to the changes described in vivo (17, 18) . After the addition ofcontrast, an early renal vasodilatation, which lasted for a few seconds, was immediately followed by a slower vasoconstriction that was completed within 10 min and lasted until the end of the perfusion (see Table IV ). These changes were not prevented by treatment with indomethacin but were blunted in nonfiltering kidneys. In the presence of ouabain, the vasoconstrictive phase was blunted.
Functional observations. As expected, the addition of hyperosmotic contrast material was followed by a profound natriuresis, which is indicated in Table IV by marked decreases in the tubular reabsorption of sodium. The administration of contrast, especially when combined with indomethacin treatment, led to a significant reduction in glomerular filtration rate. Indomethacin alone did not reduce renal function (12) .
Morphological observations. As previously reported in detail (2), in isolated kidneys perfused with cell-free medium, medullary hypoxia causes a reproducible injury that is expressed by necrosis of approximately half of the medullary thick limbs in the deeper regions of the inner stripe (outer medulla). The effect of contrast medium upon this injury is summarized in Fig. 8 . The administration of contrast, especially when combined with indomethacin treatment, led to significant increases in the extent of severe damage to the thick limbs. In nonfiltering kidneys perfused with iothalamate, necrosis of thick limbs was either prevented (absent in regions A and B of the inner stripe) or significantly reduced (20±13% of tubules in region C vs. 76±8% in filtering kidneys perfused with iothalamate, P < 0.005) and replaced by extensive tubular collapse. In the presence of ouabain, mTAL necrosis was also markedly reduced to 0, 17±8, and 16±6% in regions A, B, and C respectively (P < 0.001). In all perfusions supplemented with blood (with and without indomethacin), mTAL necrosis was absent (P < 0.001). In the renal cortex, no significant changes were observed in the presence of iothalamate in comparison with control perfusions.
Discussion
The combination ofsalt depletion and indomethacin appeared to predispose rats to protracted renal dysfunction after the administration of contrast material. This finding confirms and extends similar observations in rabbits recently reported by Vari et al. (9) . Uninephrectomy before these insults made the renal injury associated with ARF more consistent and more obvious. The important new result ofthe present study is the association and correlation in vivo of severe ARF with a distinct and selective morphological injury to the mTALs. This lesion was similar in its nature to the damage regularly observed in isolated kidneys that had been perfused with cell-free medium and shown to derive from an imbalance between the relatively high oxygen demand (by the metabolically active mTALs) and the meager oxygen supply to the renal medulla (2) . Thus, as in isolated kidneys, cell damage included mitochondrial swelling, nuclear pyknosis, and cytoplasmic disruption. As in perfused kidneys as well, this severe damage was selective for the mTALs, while elsewhere in the renal medulla or cortex, evidence for cell necrosis was generally absent. In addition, the injury to mTALs was located in the deepest regions of the inner stripe ofthe outer medulla and away from the vasa recta, thus in the zones most remote from oxygen supply. Furthermore, the extent of mTAL injury in vivo was inversely correlated with the extent of tubular collapse (associated with reduced solute delivery), which is in agreement with previous observations in the isolated perfused kidney where a decrease in transport activity (as in nonfiltering kidneys with extensive tubular collapse) prevents hypoxic damage to the mTAL (1, 19) . This lesion to mTALs is hypothesized to be a hypoxic injury (1) . It appears from these experiments that selective, putatively hypoxic injury to mTALs can be induced in vivo by In isolated perfused rat kidneys, the addition of contrast reproduced hemodynamic and functional changes (Table IV) reported in vivo (17, 18, 26) and, especially when combined with indomethacin treatment, exacerbated the injury to the thick ascending limb. In nonfiltering kidneys, these effects were markedly attenuated, suggesting dependence on possible mediation by intraluminal presence of contrast material for this renal vasoconstrictive property, as proposed by others (26) . The prevention of mTAL damage by the addition of erythrocytes to the perfusate supports a role for medullary hypoxia in the genesis of this injury (2) . The (26) , which is known to stimulate prostaglandin excretion (27) . (18) . Preliminary experiments in rats suggest that the combination of angiotensin (by continuous infusion) with indomethacin and radiocontrast material also produces acute renal failure with selective necrosis of the mTALs (unpublished observations). In man, salt depletion and low cardiac output appear to be important risk factors for the development ofARF after the addition ofcontrast material (10, 32).
Reduction ofthe renal mass by uninephrectomy effectively enhanced the consistency and the severity of renal injury. Preliminary observations suggest that isolated perfused kidneys taken from rats with prior uninephrectomy have a more extensive hypoxic injury to the mTAL, which is associated with increased activity of the medullary Na-K-ATPase (14) . After reduction of the renal mass, hyperfiltration of the remaining nephrons with an increased solute load for reabsorptive work may in itself be detrimental to the balance of oxygenation within the renal medulla, thereby diminishing the capacity of the mTAL to handle additional insults, such as indomethacin and contrast agent. In addition, the load ofcontrast material to be excreted per nephron was higher in uninephrectomized rats than in animals with two kidneys, perhaps contributing to increased toxicity. These observations may be relevant to the predisposition ofpatients with chronic renal failure to contrast nephrotoxicity (6, 7) .
Animal models of ARF have traditionally used the application of one major renal insult (prolonged ischemia or toxins) for the convenient, predictable reproduction of experimental renal failure. In man, rather than single-causes, combinations of multiple renal insults or risk factors are increasingly incriminated before the onset of ARF (4, 5) . Although more difficult to study, combinations of several sublethal insults (such as gentamicin with endotoxemia) (33) used to increase the chances of significant renal dysfunction in the animal, may be somewhat closer to the phenomenon usually observed in man. Interestingly, in contrast to many other experimental models of ARF that have focused primarily on proximal tubular damage, the present model induced selective mTAL injury without necrosis in other portions of the nephron. Damage to mTALs has been reported in experimental renal ischemia, and sometimes in dissociation from injury to the pars recta (N3) of the proximal tubule (1, 3, 34, 35) . Of particular interest is the fact that one model (cold ischemic preservation of transplanted rat kidneys) produced ARF associated with extensive destruction of the inner stripe of the outer medulla and only focal damage in S3 (34, 35) . Conceivably, under some circumstances, the mTAL may become selectively injured in the inner stripe, perhaps because of higher metabolic requirements and/or lower oxygen tensions than in the outer stripe. The data presented here suggest a potential role for in vivo medullary hypoxia in the vulnerability of the kidney to combined insults that cause ARF. A combination ofmultiple risk factors, which presumably adversely affect the balance of oxygenation within the renal medulla, appears to be required to produce this syndrome.
In conclusion, the present study shows that multiple renal insults may be necessary to produce in the rat ARF that resembles the clinical syndrome of contrast nephropathy. Both in vivo and in vitro experiments suggest that the common pathway of renal injury in this model may be medullary hypoxia.
